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Abiotic stress is the most limiting factor in crop yields, as it interferes with crop 
growth and development. Drought stress and heat stress are the major abiotic 
stresses hampering world food production. The intensity and distribution of drought 
and heat stress are becoming more severe with the present climate changes. The 
increasing average global temperature triggers the uprise of heat stress event, and 
the decreasing annual mean precipitation in some mid-latitude and sub-tropical 
regions leads to water deficit. Even more critical is when drought and heat stress 
occur together in nature. Potato (Solanum tuberosum L.) is the third most important 
food crop in the world. Although potatoes are grown worldwide over wide agro-
climatic zones in various environments and seasons, potato plants require specific 
physiological conditions for growth and tuber production. High temperatures and 
water deficits have become the most serious constraints for potato production. 
Several research groups have examined the effects of drought stress or heat damage 
on potato, but few investigations of the effects of combined drought-heat stress have 
been reported. As an addition to the cultivated potato that is sensitive to abiotic 
stress, the genetic potato resources comprised of landraces and wild potato relatives 
(which could contribute to tolerance to a range of abiotic stress) have not been well 
studied. 
Using diploid breeding lines and a tetraploid commercial potato, I studied how 
these potatoes respond to drought stress, to heat stress, and to a combination of 
drought and heat stress. The diploid breeding lines have various landraces and wild 
relatives' genetic backgrounds. The morphological and physiological responses of 
potatoes to PEG-induced drought stress, heat stress, and combined drought-heat 
stress are presented in Chapter 2. Abiotic stress-related traits were evaluated in a 
growth-room environment under non-stress and abiotic stress treatments, and the 
results demonstrated that all of the potato lines responded to the drought and 
combined drought-heat stress by reducing their plant height. In contrast, the potato 
lines' responses to the effect of heat stress on plant height differed; some heights 
increased while others decreased. The leaf size in all of the potato lines became 
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smaller under drought, heat stress, and combined drought-heat stress compared to 
the non-stress condition. The potato plants responded to the drought stress and 
combined drought-heat stress by increasing their chlorophyll content and 
decreasing their relative water content (RWC). A decrease in water content related 
to wilting symptoms was observed under drought stress and under combined 
drought-heat stress. The potato line L1 (84.194.30) showed the lowest level of 
wilting in all three types of abiotic stress, supported by a small RWC change 
compared to the control condition; L1 is thus considered relatively tolerant to 
abiotic stress. 
Several plant transcription factors (TFs) and genes are induced by abiotic stress 
and have substantial roles in improving the abiotic stress tolerance of plants. My 
evaluation of the expression levels of the abiotic stress-related genes StCEL, 
StTAS14, StnsLTP1, and StHSP70 under drought, heat, and combined drought-heat 
stress is discussed in Chapter 3. The gene expression levels were examined by a 
reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Samples 
were taken from potato plants under polyethylene glycol (PEG)-induced drought 
stress, heat stress, and combined drought-heat stress in a growth room. The results 
showed that the abiotic stresses induced various levels of the expressions of StCEL, 
StTAS14, StnsLTP1, and StHSP70 in the potato plants. Generally, the combined 
drought-heat stress induced the highest expression levels of the tested abiotic stress-
related genes. Under the different abiotic stresses, the potato lines showed different 
patterns of StCEL and StnsLTP1 expression levels. 
Chapter 4 provides a general discussion. The potato lines' different responses to 
each type of abiotic stress indicates that the potato lines have different levels of 
sensitivity or tolerance to each abiotic stress. The potato lines can thus be used in 
other studies and in abiotic stress breeding programs. The simple abiotic stress-
related traits described herein could be used to reliably differentiate stress-tolerant 
and stress-susceptible potato lines. The application of these traits will be helpful in 
screenings that involve a large number of accessions. The present findings also 
indicate that the expression levels of StCEL, StTAS14, StnsLTP1, and StHSP70 
might be associated with different sensitivity or tolerance of potato lines in response 
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to abiotic stress. More extensive investigations are thus necessary to further clarify 
the roles of these genes, particularly under combined drought-heat stress. The 
correlations between gene expression level and abiotic stress-related traits can be a 
consideration in the utilization the genes or the traits over diploid potato lines in 
future studies in 4x × 2x crosses to transfer genetic attributes. 
1 
Chapter 1: General introduction 
 
 
1.1. Abiotic stress and climate change 
The climate change that we are now experiencing threatens all aspects of human 
life, including food security. Climate change directly influences the increase of 
Earth's surface temperatures, irregular and unpredictable precipitation, and drought 
in arid and semi-arid areas (Andjelkovic 2018; Trenberth 2005). Compared to the 
middle of the 20th century, the global temperature in 2016 was warmer by 0.99°C 
(NASA 2018). Relative to the end of the 20th century, the global mean surface 
temperature is projected to increase by 1.0°–3.7°C by the late 21st century (IPCC 
2014). These projections also showed that an increase will occur in the annual mean 
rainfall at high-latitude areas, the equatorial Pacific, and some mid-latitude wet 
areas, whereas the annual mean precipitation will decrease in some other mid-
latitude areas and dry subtropical regions by the end of this century (IPCC 2014). 
Plants suffer from abiotic stress when they are exposed to unusual or variable 
environmental conditions, which may negatively affect the plants' growth and 
yields (Cramer et al. 2011). An unfavorable environment could high temperature, 
low temperature, water deficit, salinity, or metal toxicity. High temperature (heat) 
and drought are the most important abiotic stresses related to climate change. An 
increase in the mean global temperature will trigger an increase in heat stress events 
and decreasing annual mean precipitation will lead to water deficits in some mid-
latitude and subtropical regions (IPCC 2014). 
 
1.1.1. Drought stress 
One of the profound effects of climate change is drought. Drought is identical to 
a lack of water/dry conditions. There are four types of drought based on the 
disciplinary perspectives: meteorological, agricultural, hydrologic, and socio-
economic droughts (Wilhite and Glantz 1985). Precipitation is the main factor in 
those drought types. The differences in the drought types are based on how their 
impacts are manifested and felt. The present study focused on agricultural drought, 
which is defined as a condition in which the availability of soil moisture to plants 
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is below the average level and cannot support the growth of crops. This lack of soil 
moisture ultimately affects plant yields adversely (Mannocchi et al. 2004). 
Compared to the vegetative stage of plants, the reproductive stage is more sensitive 
to abiotic stress, thus resulting in yield losses (Barnabas et al. 2008; Sehgal et al. 
2018). The yield decrease depends on the species. For example, a 20.7% yield 
decrease in wheat and a 39.3% decrease in maize were the results of a 40% water 
reduction (Daryanto et al. 2016). 
 
1.1.2. Heat stress 
Increasing global temperatures due to climate change increase the intensity and 
expansion of heat stress, particularly in the tropical and subtropical regions. Heat 
stress is a condition in which the temperature — either the air or soil temperature —
 rises beyond the temperature required for optimum growth, thus adversely 
affecting plant growth and development (Lamaoui et al. 2018). All tissues in a plant 
are affected by high temperature, but the plant's reproductive tissues are the most 
susceptible (Lamaoui et al. 2018; Zinn et al. 2010). Another important feature of 
plants that contributes to crop yields and is sensitive to heat stress is the 
photosynthetic apparatus (Mathur et al. 2014). With the use of a simulation model, 
Asseng et al. (2014) predicted that the global wheat production would decrease up 
to 6% for each degree (Celsius) of elevated temperature. 
 
1.1.3. Combinations of drought and heat stress 
Drought stress and heat stress often co-occur in nature. These two abiotic stresses 
can even induce each other. The exposure of plants to a high temperature can 
stimulate drought stress since it increases the plants' evapotranspiration. Drought 
stress can also increase a plant's temperature. The stress combination provided by 
drought and heat stress together must be considered, since the effect of each single 
stress may be different; moreover, when the combined effect occurs, it will be more 
detrimental (Dreesen et al. 2012; Sehgal et al. 2018). In wheat, single-stress heat 
and drought negatively affected the harvest index, spikelet fertility, grain number, 
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and yield, and the effects become more severe when drought was combined with 
heat stress (Mahrookashani et al. 2017). 
 
1.2. Plants' adaptation to abiotic stress 
Three mechanisms related to water-deficit stress are commonly observed in the 
higher plants: escape, avoidance, and tolerance. A plant can escape from stress if it 
can complete its full life cycle before a water deficit occurs (De Micco and Aronne 
2012). In wheat, a short vegetative stage followed by early flowering and maturing 
is the drought-escape strategy that is expected to improve the yield (Shavrukov et 
al. 2017). Drought avoidance is the ability of a plant to maintain a higher water 
content in its tissues when the soil's water level is reduced. Drought avoidance can 
be performed via two strategies: (1) by minimizing the water loss (water saving) by 
reducing transpiration, and (2) by optimizing the water uptake (water spending) by 
increasing the rooting system (Basu et al. 2016). Drought tolerance is the use of 
adaptive traits to endure a low tissue water content, and drought tolerance traits 
include the maintenance of the plant's cell turgor by adjusting the osmotic potential 
and increasing the protoplasmic resistance (Basu et al. 2016). 
Avoidance and tolerance strategies are also observed in plants under heat stress. 
Heat stress avoidance is the ability to survive in a high-temperature condition by 
short-term acclimation mechanisms, i.e., leaf orientation, transpiration, and 
alteration of the membrane lipid composition (Hasanuzzaman et al. 2013). 
Morphological and phenological adaptations are critical aspects of the avoidance 
mechanisms against abiotic stress. Heat tolerance is closely related to both a plant's 
ability to grow and to the economic yield of the plants under heat stress 
(Hasanuzzaman et al. 2013). Plants perform a heat-tolerance adaptive strategy by 
expressing heat shock proteins (HSPs), which are involved in the transduction of 
stress signals, the protection and repair of damaged proteins and membranes, and 
the protection of the photosynthesis process (Asthir 2015b). 
Morphological and phenological adaptations are essential aspects of the 
avoidance mechanisms against abiotic stress (Hasanuzzaman et al. 2013). Plants' 
adaptation to abiotic stress occurs not only at the morphological and phenological 
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levels but also at the physiological and molecular levels. To survive, plants have 
developed a holistic adaptation mechanism. The plant adaptation strategies for 
dealing with combinations of abiotic stresses consist of shared and unique responses 
(Pandey et al. 2015). Shared responses are the responses that are common to two 
different abiotic stresses, whereas a unique response is specific to the stress 
combination and different from the response to each single stress (Rizhsky et al. 
2002; 2004). 
 
1.3. Potatoes and abiotic stress 
1.3.1. The importance of potatoes 
Potato (Solanum tuberosum L.) is one of the most important food crops in the 
world, ranked three after wheat and rice (Figure 1.1). In 2017, the harvesting area 
of potato exceeded 19 million hectares, with the production of >388 million tons 
(FAO 2019). Potatoes are consumed mainly as fresh food, but potatoes also provide 
raw materials for food processing (e.g., potato chips, French fries) and for specific 
industries (e.g., starch, ethanol) (Birch et al. 2012; Watanabe 2015). Potatoes 
contribute to many populations' food security and are ideal for the human diet 
because potato tubers are high-carbohydrate and low-fat, and they provide balanced 
nutritional value with vitamins and minerals (Birch et al. 2012; White et al. 2009). 
Cultivated potatoes originated from the highlands of the Andes in South America 
(Hawkes 1994), which are characterized by a cool temperate climate and a short 
photoperiod. This crop is grown across wide agro-climatic zones around the world, 
in a variety of environments and seasons. Today's distribution of potato plants 
covers almost all of the world, from 47°S to 65°N, but 90% of the production of 
potatoes is concentrated between 22°N and 59°N (Figure 1.2) (Hijmans 2001). In 
tropical areas such as Southeast Asia, potatoes are grown in the highlands. 
 
1.3.2. The genetic diversity of potatoes 
Most of the commercial potatoes are abiotic stress-sensitive and show narrow 
genetic variation. Other resources must therefore be identified and explored toward 
the goal of determining stress-tolerance attributes that will improve the traits of 
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cultivated potatoes against abiotic stresses; such resources include exotic cultivated 
potatoes, landraces, and wild relatives of potato (Figure 1.3). The wild relatives are 
more often exploited for biotic (pest and diseases) stress resistance than for abiotic 
stress (Jansky et al. 2013; Prohens et al. 2017). However, these types of genetic 
resources also provide abiotic tolerance (Table 1). 
Solanum acaule and S. demissum have multiple types of tolerance that can be 
used for combined abiotic stress-tolerant breeding (Arvin and Donnelly 2008). 
However, the incorporation of desired traits from wild relatives into cultivated 
varieties by conventional methods is hampered by genetic barriers, i.e., differences 
in the ploidy level and in the endosperm balance number (EBN) (Jackson and 
Hanneman 1999; Johnston and Hanneman 1982; Novy and Hanneman 1991). To 
overcome these barriers, researchers have used ploidy manipulation, somatic fusion, 
and bridge-crossing strategies (Bidani et al. 2007; Jansky 2006; Jansky and 
Hamernik 2009). 
As described by Bradeen and Haynes (2017), the primary genepool of potato is 
composed of cultivated potatoes and landraces (2n=4x=48, 4EBN), and breeders 
can use these resources directly. Wild relatives in the secondary genepool 
(2n=2x=24, 2EBN, 2n=4x=4EBN) can be crossed sexually with cultivated potato 
with some manipulation. The tertiary genepool consists of wild Solanum species 
(2n=2x=24, 1EBN) which are sexually isolated from cultivated potato and need a 
specific strategy for the incorporation of the target traits into cultivated potato 
(Watanabe 2015). Such a strategy could be cross-bridging (Yermishin et al. 2014, 
2017), somatic hybridization (Symda et al. 2013), the use of 2n gametes (Ortiz et 
al. 1997; Watanabe et al. 1992), or gene transformation (Oosumi et al. 2009; Song 
et al. 2003). 
 
1.3.3. The sensitivity of potatoes to abiotic stress 
Although potato crops are grown under various environmental and climatic 
conditions, potato plants do experience environmental stresses. Water stress 
(drought and flooding), extreme temperature (low and high), and ion toxicity 
(salinity and heavy metal) are the abiotic constraints that are faced by plants 
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(including potatoes) in their habitats (Bohnert 2007). In a potato crop, the optimum 
temperature for vegetative growth is 24C, but the maximum total biomass would 
be produced at 20C, as would the maximum final tuber yield (Fleisher et al. 2006; 
Timlin et al. 2006). Potatoes are highly sensitive to high temperatures, which is an 
obstacle in tropical and sub-tropical areas. Potato plants that are exposed to high 
temperature at an earlier time point achieve a lesser tuber yield than those with late 
exposure to high temperature, due to the delay in tuber initiation and the shortened 
bulking duration, as well as a low net assimilation rate (Aien et al. 2016). 
Potatoes are known to be efficient water-use crops and to produce more food per 
unit of water than other main crops (Vos and Haverkort 2007). However, potatoes 
are extremely sensitive to a water deficit; this is related to the shallow and low 
density of the root architecture of this crop species (Wishart et al. 2014; Yamaguchi 
and Tanaka 1990). A deficit of water negatively affects plant growth and tuber yield 
and quality (Aliche et al. 2018; Soltys-Kalina et al. 2016). The effects of heat stress 
and drought stress are summarized in Figure 1.4. 
As noted, drought and heat stress can occur simultaneously in nature. The 
combination of a drought and a heat wave creates huge losses in the agricultural 
sector (Mittler 2006). Globally, climate change was predicted results in 18%–32% 
and 9%–18% decreases in the potato yields without and with adaptation, 
respectively (Hijmans 2003). Due to climate change, rain-fed areas of potato 
cultivation in England and Wales are predicted to decline by 74%–95% by the 
2050s (Daccache et al. 2012). The consequences are decreasing potato production 
or changes the potato production areas to the irrigated fields, which will compete 
for the water supply with other sectors such as direct human consumption. 
 
1.4. Abiotic stress-related traits in potato 
The effects of abiotic stress on plant morphology and physiology (i.e., 
phenotypes) can be observed visually and directly. Some of these plant features are 
correlated with abiotic stress tolerance (Table 2). The leaves are the part of the plant 
that are most directly affected by high temperature (Berry and Bjorkman 1980), and 
thus the photosynthesis process and some of its apparatus could be used to assist 
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the process of heat-tolerance breeding. However, for the development of heat-
tolerant potatoes, at least three physiological processes need to be considered: 
photosynthetic efficiency and haulm growth, tuber initiation, and photosynthate 
partitioning (Vayda 1993). 
Three factors must also be considered when attempting to develop drought-stress 
tolerance in plants: the cell membrane's stability, the photosynthesis system, and 
the root system (Farooq et al. 2009). The integrity of the cell membrane ensures 
that cellular activities proceed optimally. Photosynthesis is correlated with a plant's 
growth and yield. A plant's cell membranes are involved in many important roles 
related to abiotic stresses, such as in the protection barrier, sensor, and transduction 
of various external signals, and in the activation of mechanisms to maintain cell 
homeostasis (Barkla and Pantoja 2011). As shown in Table 1, cell membrane 
stability enhances the abiotic stress tolerance as well as the photosynthetic activity 
in some landraces and wild types of potato. The root architecture of plants is related 
to drought tolerance (Khan et al. 2016; Koevoets et al. 2016) since the root depth 
contributes positively to drought tolerance (Lahlou and Ledent 2005; Zarzyńska et 
al. 2017). It is also known that water-deficit stress tolerance is associated with high 
water use efficiency (WUE), which is regulated by a low transpiration rate; this 
implies low stomatal conductance (Blum 2005; Levy et al. 2013; Li et al. 2017). 
It is important to determine the main traits related to stress with high variability, 
heritability and genetic advance under stress conditions to assist the breeding steps 
to get the stable tolerance (Benavides et al. 2017; Luthra et al. 2013). However, 
because there is a genotype  environment (GE) interaction for several desirable 
traits, we should consider conducting the selection steps at different times and 
different locations (Benites and Pinto 2011; Gautney and Haynes 1983). In chili 
pepper, membrane thermostability has high heritability and genetic advance values 
and has a positive genetic correlation with yield (Usman et al. 2014). 
The abiotic stress-related traits can be used as criteria for selection, but only 
when considering a single stress. Working with combined abiotic stresses is more 
complex. Each response to combined abiotic stresses is unique and different from 
the response to each individual stress (Mittler 2006; Pandey et al. 2015; Shaar-
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Moshe et al. 2017; Zandalinas et al. 2018). Basic information on how potato plants 
respond to combined stress is needed. The identification of traits related to 
combined drought and heat stress is the first step in decision-making on how to 
alleviate the effects of stress on potatoes, and this identification could be 
accomplished by cultivation techniques and by genetic modifications in breeding 
research. 
 
1.5. General objective 
The general objective of this study was to determine the responses of potato 
plants under abiotic stress (drought, heat, and combined drought-heat) by using 













S. commersonii (2x, 1EBN), 




S. juzepczukii (3x) Havaux (1995) High PS II activity 
S. gandarillasii cardenas 
(2x, 2 EBN) 
Coleman (2008) Membrane stability 
S. chacoense (2x, 2EBN), 
S. bulbocastanum (2x, 1 
EBN), S. demissum (6x, 
4EBN), and S. stoloniferum 
(4x, 2 EBN) 
Reynolds and 
Ewing (1989a) 
Shoot growth and 
tuberization ability  
S. acaule (4x, 2EBN) and 
S. circaefolium (2x, 1 EBN) 
Midmore and 
Prange (1991) 
High dry matter 
content 






S. juzepczukii (3x) Vacher (1998) 
Stomatal tolerance and 
high net 
photosynthesis 
S. gandarillasii cardenas 
(2x) 
Coleman (2008) Water use efficiency 




S. chillonanum (2x), 
S. jamesii (2x, 1 EBN), and 
S. okadae (2x) 














Target trait(s) Reference(s) 
Heat  
High net photosynthesis 
Dou et al. (2014), Reynolds et al. 
(1990), Wolf et al. (1990)  
High stomatal conductance 
Reynolds et al. (1990), Wolf et al. 
(1990)  
Drought  
Low stomatal conductance Moon et al. (2015) 
Low transpiration rate  
Coleman (2008) 
High WUE 
High cell membrane stability Rudack et al. (2017) 
Stay green 
Ramírez et al. (2014), Rolando et 
al. (2015), Schafleitner et al. 
(2007a) 
High root mass system 
Ahmadi et al. (2017), Iwama 
(2008), Wishart et al. (2014) 
High leaf area index  
Iwama (2008), Romero et al. 
(2017) 
High biomass Schafleitner et al. (2007a) 










Figure 1.1. World food quantity supply.  
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Figure 1.3. Genetic resources of potatoes and their uses in abiotic stress tolerance 
breeding.  
Cultivated potatoes are generally sensitive to abiotic stress. Other potato genetic 
resources (e.g., wild relatives and landraces) are known be resistant to biotic and 
abiotic stressors. Since there are genetic barriers among them, the incorporation of 
desired traits from wild relatives and landraces into cultivated potatoes has been 
achieved by various techniques (e.g., ploidy manipulation, somatic fusion, and 
bridge-crossing strategies). The diploid (2x) breeding of lines with various genetic 
backgrounds thought to contain abiotic stress-tolerant traits as well as biotic stress 









Figure 1.4. The effects of drought stress and heat stress on potato plants. 
The effect of drought stress and heat stress have been studied robustly but based on 
the individual stresses. However, the effects of drought and heat stress in 
combination on potato plants have not been established (Figure source: 
https://cipotato.org/crops/potato/how-potato-grows/). 
  
